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The use of multiple-unit implant-supported fixed dental prostheses (FDPs) in the rehabilitation of partially edentulous patients has been shown to have a predictable clinical outcome on both a short-and long-term basis. 1, 2 Dental implants restored with single crowns (SCs) have also been reported to have a comparable survival rate and fewer technical complications compared to multiple-unit implant-supported FDPs. 2, 3 In terms of the type of connection, more technical complications were observed with screw-retained FDPs than cement-retained ones. [3] [4] [5] The major technical complications were ceramic fracture, screw loosening, and loss of retention. [6] [7] [8] In addition to metal-ceramic restorations, zirconia has also been used for implant-supported FDPs because of its superior esthetic characteristics. 9 Implant-supported zirconia-based FDPs have been reported to have high survival rates, indicating that the fracture resistance of zirconia frameworks was high enough to withstand general occlusal loading. [10] [11] [12] [13] One randomized clinical trial (RCT) with posterior implant-supported metal-ceramic vs. zirconia-based FDPs reported outcomes with survival rates above 90%. 14 However, high fracture rates of veneering porcelain ranging from 6.5% to 90% have also been observed with implant-supported, zirconia-based FDPs for partially and completely edentulous patients. 11, 12, [15] [16] [17] Most of the fracture events were cohesive porcelain fractures, indicating that the weak points of the zirconia-based FDPs were the veneering porcelain. Monolithic zirconia design without veneering porcelain has been reported to be an effective way to strengthen zirconia prostheses. 18, 19 However, compromised esthetic outcomes could be expected because of relatively low light transmission of zirconia.
The modified monolithic design with veneering porcelain limited to the buccal surface for improvement of the esthetic outcome has been reported to obtain satisfactory esthetic results. 20 A consecutive case series showed that no complications could be observed with monolithic and modified monolithic zirconia restorations on implants for up to 68 months. 21 Regarding single full-arch implant rehabilitation, a case series with 17 edentulous mandibles restored with monolithic zirconia one-piece FDPs opposing complete dentures reported favorable 1-year outcomes with one of the 17 monolithic zirconia fullarch FDPs failing due to framework fracture. 22 Most of the technical complications were fractures of the opposing denture teeth. A retrospective analysis of 26 full-arch implant-supported zirconia prostheses with modified monolithic design observed that only three porcelain veneered teeth had minor cohesive porcelain fracture, with a prosthesis success rate of 94.8%. 23 Regarding dual-arch implant rehabilitation with monolithic zirconia, few clinical reports with 6-, 12-, and 24-month followup periods reported good outcomes. [24] [25] [26] Regarding implantsupported SCs, there is a scarcity of studies investigating the clinical outcome of monolithic or modified monolithic zirconia implant-supported SCs. 21 Regarding comparing outcomes with metal-ceramic and zirconia-based design, few studies on tooth-supported SCs and FDPs exist. 27, 28 Regarding implant-supported SCs, few studies have reported on outcomes and complications with metalceramic and zirconia-based implant-supported SCs. [29] [30] [31] These studies have shown conflicting results, with comparable survival rates but contradictory technical complication rates encountered with metal-ceramic vs. zirconia-based design with veneering porcelain on the functional load-bearing surfaces. To the authors' knowledge, there are no prospective studies or RCTs comparing the clinical outcomes and complications of implant-supported modified monolithic zirconia and metal-ceramic SCs. Therefore, the purpose of the present RCT was to investigate the outcomes and complications with posterior implant-supported modified monolithic zirconia vs. metalceramic SCs. The null hypothesis was that there is no difference between modified monolithic zirconia and metal-ceramic posterior implant-supported SCs in prosthetic complication rates.
Materials and methods
This study was designed as an RCT at the Department of Dentistry of the Chi Mei Medical Center. All procedures and materials were approved by the local ethical committees (the Institutional Review Board of the Chi-Medical Center, Taiwan, Application Number: 10105-L02). This study was conducted from April 2012 to May 2016. A total of 40 participants were planned to be included in this clinical trial. Patients who had received dental implants (Soft Tissue Level; Straumann, Basel, Switzerland) in the posterior maxilla or mandible, and in need of rehabilitation with implant-supported SCs were recruited. Participants were required to sign informed consents prior to inclusion in the study. The participants had to fulfill the following inclusion criteria: a signed consent form and an age of 18 years or above, needed implant-supported SCs in the maxillary and mandibular premolar and molar area, full-mouth plaque scores and full-mouth bleeding scores of <25%, and the peri-implant tissues should be free from infection or other biologic complications. Patients who were pregnant, unwilling to receive radiographs, or had inadequate oral hygiene were excluded from the study. The 40 participants included in this study were randomly allocated to either the modified monolithic zirconia (MMZ) or the metal-ceramic (MC) group (20 subjects in each group) using a computer-generated randomization list.
The prosthodontic procedures were as follows. After confirmation of successful osseointegration, implant level impressions were made with poly(vinyl siloxane) (Aquasil Ultra XLV and Aquasil Soft Putty; Dentsply Caulk Milford, DE) with a closed-tray technique for the fabrication of posterior implantsupported SCs. 32 Prefabricated titanium abutments (synOcta Cementable Abutment; Straumann) were used in instances of cement-retained modified monolithic zirconia or metal-ceramic SCs, and customized implant abutments (synOcta Gold Abutment; Straumann) were used for the fabrication of screwretained metal-ceramic SCs. Titanium inserts (Variobase Abutment; Straumann) were used as the metal substructures of the screw-retained modified monolithic zirconia SCs. All laboratory procedures were conducted at a dental laboratory authorized by the manufacturers of the material systems. In the MMZ group, fully contoured wax patterns were made first, and cutbacks were performed on the buccal surfaces. The porcelainzirconia interfaces were designed at the coronal third of the buccal surfaces. The working casts with implant abutments and the cutback wax patterns were scanned in an optical scanner (Ceramill Mind; Amann Girrbach, Charlotte, NC), milled from partially sintered zirconia blocks (Ceramil zi or Ceramill Zolid; Amann Girrbach), and sintered (Ceramill Therm; Amann Girrbach) to make the zirconia copings. Then, veneering ceramic was applied on the buccal surfaces of the zirconia copings to make the modified monolithic zirconia SCs (Fig 1) . Regarding the screw-retained SCs with modified monolithic zirconia design, the milled zirconia copings were bonded to the titanium inserts with resin cement (RelyX Unicem; 3M ESPE, St Paul, MN) to make 1-piece screw-retained SCs. 29, 30, 33 In the MC group, the cutback wax patterns were made from fully contoured ones. The porcelain-metal interfaces were designed at the middle third of the lingual surfaces. Thereafter, traditional lost-wax technique was used to fabricate the metal framework (Argedent 500; Argen), and veneering ceramic was layered on with conventional veneering technique (Fig 2) . The screwretained SCs were inserted intraorally, and the screw-access holes were restored with gutta percha (Temporary stopping; GC, Alsip, IL) and light-polymerized composite resin (Filtek Z250; 3M ESPE). The cement-retained SCs were cemented with a resin-based cement (Premier Implant Cement; Premier Dental, Plymouth Meeting, PA). The screw-retained SCs and the titanium abutments used for cement-retained SCs were all inserted with 35 Ncm torque.
A total of 40 participants (17 males and 23 females), aged between 29 and 68 years with 73 posterior dental implants were enrolled in the present RCT. The presence of bruxism, the opposing occlusion, and the type of prosthetic retention were recorded before or at the appointment of definitive crown insertion. The evaluation visits were performed at 2 weeks, 3 months, 6 months, and 12 months after placement of the definitive SCs. During the follow-up period, the implant-supported SCs were evaluated upon clinical and radiographic examinations. The following technical parameters were assessed: metal or zirconia coping fracture, fracture of veneering ceramic, screw loosening, and loss of retention because of crown de-cementation. The technical parameters of all the implant-supported SCs were examined by the same examiner. A failed prosthesis was described as a failure if the prosthesis needed to be remade.
Descriptive statistics were used to illustrate the data. The categorical variables were presented by the frequency and percentage. The association risk of each complication between the MMZ and MC SCs was estimated using the logistic regression model with Firth's approach for the rare outcome. The level of statistical significance was set at α = 0.05.
Results
Two participants with three SCs in the MC group could not be evaluated, because they moved to another city during the prosthodontic procedures and were lost to follow-up. Hence, a total of 38 participants (17 males and 21 females) with 70 SCs supported by 70 dental implants (16 implants in premolar sites and 54 implants in molar sites) were available during the 1-year follow-up period (Table 1) . Among the 38 included participants, 11 of them have habits of bruxism (6 and 5 bruxers in the MMZ and MC groups respectively). Twenty participants (11 males and 9 females) with a mean age of 48.1 years (range from 28 to 63 years) were examined in MMZ group, and eighteen patients (6 males and 12 females) with a mean age of 47.8 years (range from 30 to 68 years) were evaluated in the MC group. Most of the SCs were positioned in the molar area, and all the SCs had opposing natural dentitions or tooth-or implant-supported fixed prostheses.
In the MMZ group, a total of 36 implant-supported SCs, including 11 screw-retained and 25 cement-retained SCs in 20 patients were evaluated in this study. One cement-retained implant-supported SC in one male patient failed due to loss of implant osseointegration 3 months after definitive crown insertion. This crown was intact without any technical complications. Therefore, both 1-year survival rates for implants and crowns in the MMZ group were 97.2%. Compared to the radiographs at the time of crown insertion, there was no obvious peri-implant bone loss in the remaining 35 implants after 1 year of loading (Fig 3) . Of 35 SCs, screw loosening occurred in one screw-retained SC, and this crown was retightened uneventfully. No additional complications such as loss of retention and ceramic fracture were observed. Therefore, the complicationfree rate of MMZ SCs was 97.1% (Table 2) . Regarding the type of retention in the MMZ group, the complication-free rates were 90.9% and 100% for screw-retained and cement-retained SCs respectively. There was no statistically significant difference between the screw-and cement-retained SCs with MMZ design (p > 0.05) ( Table 3 ). In the MC group, a total of 34 metal-ceramic implantsupported SCs including 11 screw-retained and 23 cementretained SCs in 18 participants were examined. No implant or crown failure was observed 1 year after definitive crown insertion. The 1-year survival rates for implants and crowns in the MC group were both 100%. There was no obvious peri-implant bone loss 1 year after crown insertion (Fig 4) . The most common complication observed during the follow-up period was screw loosening. Of 34 SCs, 5 screw-retained SCs exhibited screw loosening, which were effectively addressed by retightening without any additional complications. The complication rate of screw loosening was 14.7%. Loss of retention because of crown de-cementation occurred in two cement-retained SCs, and these crowns were cemented again. One ceramic chipping was observed in one screw-retained SC, but the fracture was limited in size and could be polished. The complication rates of loss of retention and ceramic fracture were 5.9% and 2.9%, respectively. In total, 8 complication events occurred in 7 metal-ceramic SCs. Therefore, the complication-free rate of metal-ceramic SCs was 79.4% (Table 2 ). According to the type of retention, the complication-free rates were 54.5% and 91.3% for screwretained and cement-retained SCs, respectively. Significantly more complications of screw loosening were observed in the screw-retained than cement-retained metal-ceramic SCs (p = 0.0157; OR: 0.036; 95% CI: 0.002-0.534) ( Table 3) . When comparing the MMZ and MC groups, significantly more technical complications were observed in the metal-ceramic than modified monolithic zirconia SCs (p = 0.0432; OR: 0.157; 95% CI: 0.026-0.945) (Table 4) ; however, regarding individual complication (screw-loosening, loss of retention and ceramic fracture), there was no statistically significant difference between the metal-ceramic and modified monolithic zirconia SCs (p > 0.05).
Discussion
High survival rates with implant-supported metal-ceramic SCs after 5 and 10 years have been reported in the literature. 6 However, technical complications occur frequently, yielding a cumulative incidence of 8.8% for screw loosening, 4.1% for loss of retention, and 3.5% for fracture of the veneering material after 5 years. A retrospective study investigating the most distally positioned implant-supported SCs in the posterior region reported that technical complications were present in 40 (18.1%) of 221 SCs. 7 Abutment screw loosening was the most common complication (12.7%), followed by ceramic fracture (4.1%) and abutment screw fracture (1.4%). Another retrospective study also demonstrated a high SC survival rate and relatively high incidence of technical complications. 8 The 5-year incidence of technical complications was 6.5% for ceramic fracture, 4.3% for loss of retention, and 2.1% for abutment screw loosening.
The findings of the present RCT for the SC survival rates in the MMZ and MC groups were comparable to the outcomes of previous clinical studies in terms of survival after 1 year of clinical follow-up; however, in terms of complications, the findings of the present RCT are partially contradictory to the findings of previous studies. The most common complication in the metal-ceramic SCs was screw loosening (14.7%), which is much higher than the screw loosening rates that have been reported for single implant crowns. 3, 8 Besides the high rate of screw loosening in the metal-ceramic group, the complication rates for loss of retention (5.9%) and ceramic fracture (2.9%) were in accordance with the ones reported in the literature. The overall technical complication rate of the metal-ceramic SCs was 20.6%, which was higher than the previously reported rates. The higher number of complications with metal-ceramic SCs reported in the present study may be attributed to the difference of prostheses constituent. Compared to a previous retrospective study by Tey et al, 263 of 266 implant-supported SCs had a cemented-retained design. 8 In contrast, approximately one third of the metal-ceramic prostheses in this study were designed as screw-retained SCs. Since more technical complications, especially screw loosening, were reported in previous studies, 4,5 a higher complication rate would be expected in this study. Additionally, patients having bruxism were also included in this study. Higher occlusal loading on the implant-supported SCs would be expected in these participants. Of 34 SCs, 5 screwretained SCs exhibited screw loosening, which was effectively addressed by retightening without any additional complication. In fact, the five screw loosening events occurred in participants with bruxism habits. These might explain why a higher complication rate during a 1-year follow-up period was reported in this study. Maybe a prosthetic design with shallower fossa and shorter cusp height or wearing an occlusal device may help in reducing screw loosening and ceramic fracture in bruxer patients. 34 Increased complication rates of ceramic fracture has been reported in previous studies with metal-ceramic implantsupported FDPs, especially in screw-retained FDPs. 4, 5 Compared with metal-ceramic FDPs, zirconia-based implantsupported FDPs have also been reported to have a high fracture rate of the veneering porcelain. [11] [12] [13] [14] Regarding the MMZ group, the technical complication rate was 2.9% in this study. Significantly fewer technical complications were observed in the posterior implant-supported SCs with MMZ design compared to MC design. Similarly, a consecutive case series reported no technical complications could be observed with monolithic or modified monolithic zirconia restorations on implants as well as teeth for up to 68 months. 21 The modified monolithic design with zirconia occlusal surface was beneficial to minimize the possibility of ceramic fracture. Therefore, this type of prosthetic design may reduce the incidence of ceramic fracture in the posterior implant-supported SCs.
Regarding the type of retention, it has been reported that screw-retained reconstructions exhibited more technical problems than cement-retained ones. 3 This finding is in accordance with the outcomes of the present study, which demonstrated that the complication rates were 45.5% and 8.7% in the screw-and cement-retained metal-ceramic SCs, respectively. On the other hand, the complication rates of the screw-retained SCs with MMZ design was only 9.1%, and no technical complications occurred in the cement-retained SCs with this design. MMZ design seems to be beneficial to minimize the complications and strengthen the screw-retained reconstructions.
In conclusion and within the limitations of this RCT, the modified monolithic zirconia design applied for the fabrication of posterior implant-supported SCs had a significantly lower technical complication rate than metal-ceramic ones after 1-year examination. The null hypothesis that there is no difference between modified monolithic zirconia and metal-ceramic posterior implant-supported SCs in prosthetic complication rates was rejected. Compared to the metal-ceramic design, the modified monolithic zirconia design used in the posterior implantsupported SCs seems to have lower complication incidences of screw loosening and ceramic fracture. The coping design seems to be a viable and alternative treatment option for the metalceramic prostheses; however, this study involved only a small population and a short-term follow-up period. A larger sample size and long-term comparative clinical investigation are still necessary to provide the final interpretation and conclusions regarding the viability of this SC design.
Conclusions
Within the limitations of this RCT, the following conclusions may be drawn:
1. Modified monolithic zirconia and metal-ceramic posterior implant-supported SCs achieved a 1-year survival rate of 97.2% and 100%, respectively. 2. The complication-free rate of modified monolithic zirconia SCs was 97.1%. Only one screw loosening was observed in one screw-retained SC. In contrast, the complication-free rate of the metal-ceramic SCs was 79.4%. The most common complication was screw loosening (14.7%), followed by loss of retention (5.9%) and ceramic fracture (2.9%). 3. The modified monolithic zirconia design applied to the posterior implant-supported SCs had significantly lower technical complication rate (P = 0.0432) than the metalceramic design.
